Computational and experimental work directed at exploring the electrochemical properties of tetrahedrally coordinated Mn in the +5 oxidation state is presented. 
Introduction
The energy densities of lithium ion batteries are currently limited by the relatively low capacities of commercial positive electrode materials. These are typically layered metal oxides such as LiCoO 2 , variants of LiMn 2 O 4 spinels, or LiFePO 4 . For the oxides, the maximum theoretical capacity is about 280 mAh/g and for the phosphates about 170 mAh/g, based on an average change of metal oxidation state of ±1. In vanadium oxides where multiple oxidation states for V are accessible, capacities are much higher, although practical considerations preclude use in a lithium ion configuration.
A study describing the electrochemistry of Li 2 MnO 3 in a cell with a Li anode [1] reported that oxidation of Mn 4+ to Mn 5+ had occurred with concomitant extraction of Li.
This would imply that it might be possible to exploit multiple oxidation states for Mn (e.g., from Mn 3+ to Mn 5+ ) in some structures to achieve higher energy densities.
Subsequent work [2] showed, however, that several complex processes take place during cell charge, including simultaneous loss of Li and oxygen from Li 2 MnO 3 , rather than simple oxidation of the metal. [4, 5] . According to LFT, the splitting of the dorbital energy levels by an octahedral field is, in general, substantially larger than that caused by the tetrahedral ligand field [6] (Figure 1a) . Additionally, the structure of the octahedrally split levels is inverted relative to the tetrahedral splitting. In keeping with this observation, a number of MnO 4 n-compounds are known to exist [7, 8, 9, 10, 11, 12, 13, 14] with oxidation states of Mn ranging from +2 to +7 (i.e., n ranging from 1-6). Examples are presented in Table 1 and several of the structures are illustrated in Figure 2 . This suggests it might be possible to achieve high energy densities by exploiting multiple redox processes in compounds with 
Experimental
First-principles quantum mechanical calculations based on Density Functional Theory (DFT) [16, 17, 18] were performed using the Vienna Ab-Initio Simulation Package (VASP) [19] . The spin polarized generalized gradient approximation (GGA) [20, 21] , Perdue-Wang exchange correlation function, and ultra-soft pseudopotentials were used [22] . Previous studies have found that various properties of 3d transition metal oxides can be determined with good accuracy using DFT-based methods [23, 24, 25, 26] .
Voltage calculations at 0K temperature for Mn oxide electrode materials and the determination of Mn oxidation state were performed following the procedures described in [27] .
The process used to synthesize Li 3 MnO 4 was very similar to the one developed by Kilroy et al. [28] . [29] . The product also turns brown when exposed to atmosphere for several days. 
Results and Discussion
Ab initio potential calculations at T=0K were performed on several types of Mn oxide systems, some of which are hypothetical. These are: For each of the structures, the average potential and Mn oxidation state at 0K was calculated for both fully lithiated and fully delithiated versions, where Li is removed only from the lithium layer ( Table 2 ). Note that DFT/GGA potential calculations on transition metal oxides are found to be systematically low compared to reported experimental values [27, 36] . For example, layered LiMnO 2 discharges at an average potential of about 3.5V vs. Li [30] , but a potential of 2.7V is calculated using DFT with GGA. Since the underestimation is systematic, actual potentials can be expected to be about 0.5-0.8V
higher than the calculated values presented in this study.
As predicted by LFT, Table 2 indicates that the steps in potential are greater for octahedral Mn than for tetrahedral Mn. For example, the +5/+7 redox couple for octahedral Mn, in which electrons are removed from the t 2g orbitals, is 1.8V above that for +3/+4, in which an electron is removed from an e g orbital (Figure 1b) . The difference is only 0.5V for tetrahedral Mn between the +5/+7 redox couple where electrons are 8 removed from e orbitals and the +3/+4 redox couple where electrons are removed from a t 2 orbital (Figure 1b) .
The average potentials for the tetrahedral Mn +3/+4, +4/+6, and +5/+7 redox couples falls between those for octahedral Mn +3/+4 and +4/+6 ones, indicating that the tetrahedral d levels lie between the split octahedral d levels t 2g and e g in energy. This has been found to be true for a wide variety of manganese oxide structures and compositions [26, 37] . Table 2 suggests that a number of redox states for tetrahedral Mn are accessible at potentials compatible with lithium battery operations, which could lead to very high energy densities. While it is doubtful that layered structures with tetrahedral Mn such as those listed in Table 3 could be readily synthesized due to the general preference of Mn for octahedral coordination in many oxidation states, MnO 4 n-complexes are known for a wide range of n (Tab1e 1 and Figure 2 ).
To investigate the properties of MnO 4 n-oxyanionic complexes, first principle calculations were performed on a lithium-containing analog of the Na 5 MnO 4 structure shown in Figure 2 , where Mn is initially in the +3 oxidation state. The delithiation is predicted to occur topotactically (e.g., the framework of MnO 4 n-tetrahedra is maintained) via two two-phase reactions as follows: The relatively large split between the potentials in steps 1 and 2 is at odds with the data in Table 2 for tetrahedral Mn in a hypothetical layered structure, for which only a 0. To examine further the electrochemistry of the MnO 4 n-system, Li 3 MnO 4 was synthesized. Figure 4 shows the XRD powder pattern obtained on the dark blue-green powder synthesized as described above. This most closely matches that calculated for α-Li 3 MnO 4 (the low temperature form) using the cell parameters reported in reference [3] and atom positions for Li 3 VO 4 , substituting Mn for V ( The reaction is consistent with the following disproportionation scheme: The voltage profiles of cells cycled galvanostatically change after the first cycle.
After the initial conversion, however, the cycling behavior is fairly stable, with sloping discharge profiles centered at about 3.1V (Figure 8 ). The capacities achieved upon cycling are dependent upon the history of the cell, but are generally much lower than that found initially.
The electrochemical characteristics of Li 3 MnO 4 indicate that both the initial insertion and extraction of Li from the structure are not reversible. In order to obtain further insights, a quasi-in situ XRD experiment, for which fresh, discharged, and cycled electrodes were removed from coin cells and placed in a sealed holder with a Be window, was carried out. (1) and (2) Instead this is characteristic of the redox processes of octahedrally coordinated Mn 3+/4+ (Table 2) . Because this feature is present before significant oxidation or reduction has 14 occurred (e.g., see Figure 6a ) it suggests that it is not merely due to a subsequent product of one of these irreversible processes. During cell assembly, however, a purple coloration of the electrolytic solution was sometimes observed after it was added to the Li 3 MnO 4 cathode. This is evidence of partial dissolution of the active material and subsequent disproportionation (equation 3) to form permanganate and amorphous MnO 2 .
The XRD patterns of Li 3 MnO 4 electrodes wet by the electrolytic solution appear unchanged compared to dry electrodes except for an extremely broad background peak, which may belong to the amorphous component. It is most likely this component that gives rise to the observed initial reversible electrochemical activity near 3V. The specific capacity associated with this redox process is fairly low (about 50 mAh/g, although there
is some variability) suggesting only a small amount of the Li 3 MnO 4 undergoes the disproportionation reaction. This is supported by the fact that the peaks attributable to Li 3 MnO 4 in wetted electrodes are still quite strong and do not appear to be broadened by (for example) particle size diminution. Thus, it is reasonable to assume that the other electrochemical processes discussed above are attributable to Li 3 MnO 4 and specifically redox processes involving tetrahedral Mn 5+ , not the products of the disproportionation reaction.
The reversibility of electrodes based on tetrahedrally coordinated Mn can be improved by selection of structures more amenable to lithium insertion and extraction processes, as discussed above. This may be achieved, for example, by preparation of a metastable Li 3 MnO 4 compound via ion-exchange and controlled oxidation of the Na 5 MnO 4 shown in Figure 2 , rather than using either directly synthesized α-or β- 
